Introduction {#sec1}
============

Spider silks are renowned for their mechanical properties, but many aspects of how spiders produce these high-performance materials remain elusive. A spider's abdomen contains numerous silk glands that are differentiated into morphologically and functionally distinct types. Most gland types express members of a spider-specific gene family that encodes fiber-forming structural proteins called spidroins, a contraction of spider fibroins.^[@ref1],[@ref2]^ After synthesis, spidroins are stored in the lumen of silk glands as part of a liquid spinning dope. As needed, the dope travels through ducts leading to external spigots on the spider's spinnerets. During extrusion, the dope rapidly transitions from a liquid to a dry fiber.^[@ref1]−[@ref4]^

The mechanical properties of fibrous spider silks are related to the amino acid sequences of their spidroin components in that primary structure largely determines secondary and higher-level protein structures. Spidroins consist of iterated repeat units that vary in length and complexity depending on spidroin type. The significance of particular spidroin repeat sequences to fiber-specific mechanical properties has been demonstrated through a variety of structural studies.^[@ref5]−[@ref8]^ Because of the direct relationship between spidroin amino acid sequences and the physical attributes of silk, characterization and recombinant expression of spidroins have been a main focus of spider silk research.^[@ref9]−[@ref13]^

Despite extensive spidroin research, knowledge of the gene expression and protein profiles that contribute to silk synthesis is far from complete. To further explore how spiders synthesize distinct silk types, the present study combines peptide analysis with transcriptomic data. The Western black widow spider, *Latrodectus hesperus*, produces six fibrous silk types from six corresponding silk gland types (major ampullate, minor ampullate, aciniform, flagelliform, pyriform, and tubuliform). Here, we focus on major ampullate, minor ampullate, and tubuliform silks. We chose these silk types because of the overlapping functions of major ampullate and minor ampullate silks in orb-weaving spiders,^[@ref14]^ the similar shapes of the major and minor ampullate glands, and evidence that the major ampullate and tubuliform silk glands share expression of some spidroin genes.^[@ref15],[@ref16]^

Major ampullate silks emerge from major ampullate glands, which have a long tail that synthesizes proteins, an ampule-shaped sac that both synthesizes and stores proteins, and a Z-shaped duct that connects to an external spigot ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}A).^[@ref17]^ Minor ampullate silks are produced from glands that are morphologically very similar to major ampullate glands but that are smaller, with a shorter tail and lower capacity sac ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}B). The combination of a long tail, ampule-shaped lumen, and Z-shaped duct are unique to the major and minor ampullate silk glands.

![Bright-field images of *L. hesperus* silk glands: (A) major ampullate gland, (B) minor ampullate gland, and (C) tubuliform gland. (A, B) Anterior tail is at the top right, ampule-shaped lumen is to the left, and posterior Z-shaped duct is at the bottom right. (C) Anterior tail and posterior duct point toward the bottom right. Anterior tail is pale and to the right; posterior duct is darker and to the left. Scale bars are 1 mm.](pr-2015-003534_0004){#fig1}

*L. hesperus* major ampullate glands predominantly express the genes for two major ampullate spidroins (MaSp1 and MaSp2), and these proteins are the main components of *L. hesperus* dragline fibers.^[@ref15],[@ref16],[@ref18]−[@ref20]^ Minor ampullate silk glands express minor ampullate spidroin (MiSp) genes, and MiSps are the primary proteins found in minor ampullate silks.^[@ref21],[@ref22]^ Minor ampullate silks are generally thought to be used by orb-weaving spiders as the auxiliary spiral during web construction and as support for major ampullate silks in draglines, web radii, and web scaffold.^[@ref14],[@ref21],[@ref22]^ In *L. hesperus,* which builds a cob-web instead of an orb-web, minor ampullate silks have been found in a composite of silk types used in prey wrapping.^[@ref23]^ Cob-webs are a derived type of orb-web,^[@ref24],[@ref25]^ and whether minor ampullate silks have any function during cob-web construction remains unknown. Their similar gland morphology and related silk functions suggest that major and minor ampullate spidroins have a close evolutionary relationship, but phylogenetic analysis of spidroins is inconclusive. For example, in Garb et al.,^[@ref15]^ MiSps tended to, but did not always, form a sister group to a large clade of MaSps.

In contrast to major and minor ampullate silks, the thick fibers that wrap *L. hesperus* egg cases are produced by glands that are unlike any other silk glands in shape: the elongated, worm-like tubuliform glands (also known as cylindrical glands; [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}C). The dominant transcripts in tubuliform glands encode tubuliform spidroins (TuSp1) and a family of silk proteins unrelated to spidroins, egg-case proteins (ECPs).^[@ref26]−[@ref30]^ Despite having different shapes and producing functionally distinct silks, major ampullate and tubuliform silk glands are known to have overlapping spidroin gene expression. Major ampullate glands are dominated by *MaSp1* and *MaSp2* gene expression, but a 3′ tag profiling study of transcripts from *L. hesperus* major ampullate glands found expression of the tubuliform spidroin gene, *TuSp1*.^[@ref16]^ The converse is also true: *MaSp1* and *MaSp2* transcripts were present in *L. hesperus* tubuliform silk gland cDNA libraries.^[@ref15]^ It remains unknown, however, if the presence of nondominant spidroin transcripts in silk glands unequivocally indicates their translation and whether the protein products are incorporated into silk fibers.

Tubuliform and major ampullate silk glands each express nonspidroin silk-related genes. ECPs are members of a nonspidroin gene family that were initially identified in black widow tubuliform glands and fibers and are thought to cross-link with TuSp1.^[@ref28]^ Further research has also found ECP homologues in a spider species without tubuliform glands, suggesting that ECPs have functions across multiple silk types.^[@ref31]^ The recently characterized low-molecular-weight cysteine-rich proteins (CRPs) are another category of nonspidroin silk constituents. CRPs appear in *L. hesperus* major ampullate glands and fibers and are thought to cross-link with MaSp1 and MaSp2 to increase silk fiber toughness.^[@ref32]^ Other nonspidroin proteins that are vital to the process of synthesizing and assembling spidroins must exist in each gland type, but these are currently unknown.

Deep transcriptome sequencing studies have made it possible to explore the gene expression profiles of silk glands and to address the dearth of nonspidroin, silk-related genes.^[@ref16],[@ref33]−[@ref35]^ A substantial advance to understanding spider silk synthesis was the identification of 647 silk-gland specific transcripts (SSTs) from *L. hesperus* by Clarke et al.^[@ref34]^ SSTs are transcripts that were found to be significantly differentially expressed and at least 630 times more abundant in silk glands compared to that in nonsilk gland control tissues. Hence, SSTs are promising candidates for roles in spidroin production and fiber assembly. Previous mass spectrometry studies of protein extracts from *L. hesperus* egg case wrapping, attachment discs, and gland luminal contents has demonstrated the translation of seven types of silk structural proteins encoded by SSTs (aciniform spidroin, ECPs, minor ampullate spidroin, major ampullate spidroins 1 and 2, tubuliform spidroin, and pyriform spidroin).^[@ref23],[@ref28],[@ref29],[@ref36],[@ref37]^ It remains unknown whether all or only some of the remaining SSTs are translated into proteins.

In the present study, we use peptide sequencing to generate protein profiles for the major ampullate, minor ampullate, and tubuliform silk glands as well as the major ampullate fiber of *L. hesperus*. From these proteomes, we identify proteins arising from the SSTs. The SSTs identified by Clarke et al.^[@ref34]^ are from the combined set of *L. hesperus* silk glands, which makes their localized expression among gland types impossible to discern. Knowing which SSTs are translated in different glands will identify SSTs that are necessary for general silk gland functions (protein products in multiple gland types) and SSTs that are necessary for the synthesis and storage of specific silks (protein products restricted to one gland type). Additionally, if an SST protein product appears in both the major ampullate gland and fiber, then it may have utility in silk fiber assembly or function rather than having exclusive importance in the gland-specific functions of producing and maintaining silk protein reserves.

We predict that major and minor ampullate glands will have similar proteomes, consistent with their similar shape and the overlapping functions of major and minor ampullate silks. We also expect that tubuliform glands will contain TuSp1 and ECPs and that major ampullate glands will contain MaSp1, MaSp2, and CRPs. Tubuliform glands may also express MaSp1 and MaSp2, which would be consistent with the discovery of *MaSp1* and *MaSp2* transcripts in tubuliform gland cDNA, and, conversely, major ampullate glands may express TuSp1, consistent with the detection of *TuSp1* transcripts in major ampullate glands.^[@ref15],[@ref16]^ Comparing major ampullate glands to major ampullate fibers, we expect that only a small subset of the SST protein products identified in major ampullate glands will appear in the fiber. This subset should contain MaSp1, MaSp2, and CRPs.

The goal of this research is to combine hypothetical gene products predicted by *de novo* assembled RNA-seq data^[@ref34]^ with proteomic data to gain a broader understanding of how spiders generate silk *in vivo*. This analysis will extend the framework on how silk dope and fibers are generated by spiders and of gene products that are exceptional candidates for involvement in the synthesis of spider silk.

Materials and Methods {#sec2}
=====================

Animal Collection, Dissection of Silk Glands, and Collection of Silk Fibers {#sec2.1}
---------------------------------------------------------------------------

Adult *L. hesperus* females were collected on the University of California, Riverside, campus and were fed commercially available crickets. Prior to dissection, individuals were not fed for 2 days to minimize contamination from gut contents. Spiders were individually anesthetized using carbon dioxide gas, and their abdomens were dissected in 1× SSC. In *L. hesperus*, major ampullate, minor ampullate, and tubuliform glands are easily distinguished during dissection because of their distinctive morphologies and spatial arrangement in the abdomen ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).^[@ref38]^ Silk glands were visually inspected to ensure that there were no breaks or punctures. If damage was detected, no silk glands from that individual were used to avoid cross-contamination. Major ampullate, minor ampullate, and tubuliform glands were dissected into separate microfuge tubes and flash frozen in liquid nitrogen or immediately used for protein extraction (below).

Major ampullate silk fibers were manually drawn from spiders as described in the literature.^[@ref32],[@ref39]^ Major ampullate fibers are extruded from large and distinctive silk spigots, enabling visual verification of major ampullate silk collection during fiber harvesting.^[@ref32]^ Fibers were drawn onto spools at a rate of 5--7 cm per second for a total of 2--3 min. It was sometimes necessary to use up to three individuals to amass the targeted amount of silk fibers. Fibers from each individual were stored on separate spools at room temperature in closed containers.

Two biological replicates were collected for each gland type and major ampullate silk fibers. Replicates consisted of one of the following: two major ampullate glands from one individual, six tubuliform glands from one individual, four minor ampullate glands from two individuals, or the combined silk spools of up to three individuals.

Protein Extraction {#sec2.2}
------------------

Fresh or frozen silk glands were macerated with a sterile pestle in protein extraction buffer (10% glycerol, 50 mM Tris, pH 7.5, 5 mM MgCl~2~, 2% SDS, 150 mM NaCl, 0.2% β-mercaptoethanol, 0.005 M EDTA) supplemented with Halt protease inhibitor cocktail (Thermo Fisher Scientific, Waltham, MA). Silk fibers were cut with a clean razor blade, immersed in protein extraction buffer supplemented with Halt protease inhibitor cocktail, macerated with a sterile pestle, and incubated at room temperature overnight. Samples were then fractionated on an SDS-PAGE gel (5% stacking and 6.4% separating) and visualized with Bio-Safe Coomassie stain (Bio-Rad, Hercules, CA). Protein concentrations were estimated from these visualizations, with a target of ≥500 ng/lane. For each sample, multiple lanes (10--15 μL/lane; total of 20--30 μL of sample) were excised and combined for in-gel digest (Supporting Information [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_001.pdf)).

Standard protocols for in-gel tryptic digestion from the Arizona Proteomics Consortium (<http://proteomics.arizona.edu/protocols>) were followed. Briefly, proteins in acrylamide gels were digested overnight at 37 °C with 12.5 ng/μL trypsin and 1.25 ng/μL chymotrypsin in 50 mM ammonium bicarbonate with 10 mM calcium chloride. Digested peptides were extracted from gel pieces with a Bioruptor Standard sonication system (Diagenode, Denville, NJ) for 30 min. After sonication, the supernatant was purified using Ziptips C~18~ pipette tips according to the manufacturer's instructions (Millipore, Billerica, MA), dried, and stored at −20 °C until shipment for analysis at the Arizona Proteomics Consortium.

LC--MS/MS Analysis {#sec2.3}
------------------

LC--MS/MS analysis of trypsin/chymotrypsin-digested proteins was carried out using a LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) equipped with an Advion nanomate ESI source (Advion, Ithaca, NY). Peptides were eluted from a C18 precolumn (100 μm i.d. × 2 cm, Thermo Fisher Scientific) onto an analytical column (75 μm i.d. × 10 cm, C18, Thermo Fisher Scientific). Solvent A was 0.1% formic acid in water. Solvent B (acetonitrile, 0.1% formic acid) was used for the following concentrations and times: 5%, 5 min; 5--7%, 5 min; 7--15%, 45 min; 15--35%, 60 min; 35--40%, 28 min; 40--85%, 5 min; 85%, 10 min; a return to 5% in 1 min, and another 10 min hold of 5% solvent B. All flow rates were 400 nL/min. Certain LC--MS/MS replicate runs were also performed using a shorter 125 min RP gradient (5% solvent B hold for 10 min; 5--20%, 65 min; 20--35%, 25 min; 35%, 9 min; 35--95%, 5 min; and finally a 95% solvent B hold for another 5 min).

Data Analysis {#sec2.4}
-------------

Data-dependent scanning was performed by Xcalibur, v 2.1.0, software^[@ref40]^ using a survey mass scan at 60 000 resolution in the Orbitrap analyzer scanning mass/charge (*m*/*z*) 400--1600, followed by collision-induced dissociation (CID) tandem mass spectrometry (MS/MS) of the 14 most intense ions in the linear ion trap analyzer. Precursor ions were selected by the monoisotopic precursor selection (MIPS) setting, with selection or rejection of ions held to a ±10 ppm window. Dynamic exclusion was set to place any selected *m*/*z* on an exclusion list for 45 s after a single MS/MS.

Tandem mass spectra were searched against a protein database made by combining Chelicerata proteins downloaded from NCBI on October 17, 2013 and reduced for redundant entries via CD Hit (available at <http://weizhong-lab.ucsd.edu/cd-hit/>) with common contaminant proteins such as keratins (<ftp://ftp.thegpm.org/fasta/crap/>) and with a nonredundant longest open reading frame translation of an *L. hesperus* transcriptome (Clarke et al.;^[@ref34]^ see above). At the time of the search, this combined protein database contained 182 000 entries. All MS/MS spectra were searched against the protein database described above using Thermo Proteome Discoverer 1.3 (Thermo Fisher Scientific) considering tryptic/chymotryptic peptides with up to 2 missed cleavage sites. Iodoacetamide derivatives of cysteines and oxidation of methionines were specified as variable modifications. Proteins were identified at 99% confidence with XCorr score cutoffs, as determined by a reversed database search.^[@ref41]^ The protein and peptide identification results were visualized with Scaffold, v 3.6.1 and v 4.0 (Proteome Software Inc., Portland, OR), a program that relies on various search engine results (i.e., Sequest, X!Tandem, MASCOT) and that uses Bayesian statistics to reliably identify more spectra.^[@ref42],[@ref43]^ Proteins were accepted that passed a minimum of two peptides identified at 95% peptide confidence and 99.9% protein confidence by the Peptide and Protein Profit algorithms, respectively, within Scaffold.

Sample reports were exported from Scaffold. Contaminants were removed prior to further analysis. The similarities among the identified protein sets from each sample were quantified in R using the APE package^[@ref44],[@ref45]^ via a binary character matrix, with observed protein presence within a library (protein identification probability \>95%) as the positive result. From the matrix, we calculated the distances between protein libraries using Simple Matching,^[@ref46]^ from which we built a dendrogram via hierarchical clustering.^[@ref44]^ Support for the dendrogram was calculated via bootstrapping with 10 000 replications using a custom R script.

Replicates were collapsed by taking the higher protein identification probability of the two replicates from the Scaffold analysis. The list of identified proteins included SSTs. Because an SST was not always the top protein identified, we further examined the identified NCBI proteins to see if they were associated with SSTs. To do this, we used the identified NCBI nr proteins to build a custom BLAST database. We searched this database with the longest open reading frame nonredundant translation of the *L. hesperus* transcriptome in a BLASTp search.^[@ref34]^ Up to five results with an *e*-value less than 1 × 10^--5^ for each query sequence were retained. The most relevant SST from the set of BLAST hits was determined by searching for presence of peptide sequences. SST UniProt annotations were taken from Clarke et al.^[@ref34]^ Sequences for CRP1--5 were obtained from Pham et al.^[@ref32]^ CRPs were identified with a BLASTp search against the longest open reading frame translation of the *L. hesperus* transcriptome using an *e*-value cutoff of 1 × 10^--5^.^[@ref34]^

Results and Discussion {#sec3}
======================

The Proteomes of Major and Minor Ampullate Glands Are the Most Similar {#sec3.1}
----------------------------------------------------------------------

We identified 842 putative proteins in the major ampullate, minor ampullate, and tubuliform glands of *L. hesperus* (Scaffold sample report; Supporting Information [File S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). The protein identifications in tubuliform gland biological replicates clustered together in a well-supported group (dendrogram bootstrap support = 100%; Supporting Information [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_001.pdf)). Major ampullate gland biological replicates also clustered with each other (dendrogram bootstrap support = 92%; Supporting Information [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_001.pdf)). One minor ampullate gland replicate grouped more tightly with the major ampullate gland replicates (bootstrap = 88%; Supporting Information [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_001.pdf)) than it did with the other minor ampullate gland replicate.

The difference between the minor ampullate gland replicates may be due to concentration-based variability in detectable proteins. Minor ampullate glands are, at most, approximately one-third the length of the other gland types used in this study, and glands from multiple individuals were combined in a single replicate to achieve target concentrations ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}; see [Materials and Methods](#sec2){ref-type="other"}). The detectable proteins between the replicates may differ because of variation in protein expression among individuals. Despite differences between the minor ampullate gland replicates, consistent with shared ampullate shapes, both minor ampullate gland biological replicates formed a group with the major ampullate gland replicates (bootstrap support = 91%; Supporting Information [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_001.pdf)), with tubuliform gland replicates being more differentiated.

The subsets of identified proteins that correspond to SSTs also show greater similarity between major ampullate and minor ampullate glands than to tubuliform glands. Of the 647 SSTs from Clarke et al.,^[@ref34]^ 48 were predicted by peptide matches in major ampullate, minor ampullate, and tubuliform gland protein extractions (Supporting Information [File S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). Some of the identified proteins were fragments from different regions of the same protein; therefore, the total number of unique proteins predicted by peptide matches to SSTs was 39 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and Supporting Information [File S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). Out of these 39, only 28 had UniProt hits with an *e*-value less than 1 × 10^--5^.

![Chart of presence (red) or absence (light orange) of peptide-predicted proteins encoded by SSTs. Predicted proteins from *L. hesperus* major ampullate, minor ampullate, and tubuliform silk glands with best UniProt hits \<1 × 10^--5^ are shown. Proteins are arranged alphabetically by name within groups: silk structural proteins, other characterized proteins, uncharacterized proteins, and proteins with no UniProt hits. \*, protein type has more than one predicted protein. Abbreviations: A2M, alpha-2 macroglobulin; Ac, aciniform; ASG, aggregate spider glue; CEH, carboxylic ester hydrolase; CRP, cysteine rich protein; Cuticle, cuticle protein; ECP, egg case protein; FMO3, dimethylaniline monooxygenase; GT, glutamyltranspeptidase; HDC, histidine decarboxylase; Hemo_D, hemocyanin subunit D; Lectin, putative lectin; Ma, major ampullate; Mi, minor ampullate; Mur89F, mucin related 89F; Scaffold ID no., Scaffold predicted protein number; Sp, spidroin; Tu, tubuliform.](pr-2015-003534_0005){#fig2}

Twenty-four unique predicted proteins that matched SSTs were identified from major ampullate glands, 24 from minor ampullate glands, and 14 from tubuliform glands ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Fifteen SST encoded proteins were found in two gland types. The major and minor ampullate glands had 13 SST encoded proteins in common. The major ampullate and tubuliform glands had one SST encoded protein in common that was not found in the minor ampullate gland, and minor ampullate and tubuliform glands also had one in common that was not observed in the major ampullate gland. Four SST encoded proteins were found in all gland types ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). In dendrogram analyses of sample replicates, the subset of SST encoded proteins grouped by gland type (minor ampullate bootstrap support = 85%, major ampullate bootstrap support = 91%, tubuliform bootstrap support = 100%; Supporting Information [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_001.pdf)). Minor ampullate gland replicates grouped with the major ampullate gland replicates (bootstrap support = 88%; Supporting Information [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_001.pdf)).

![Euler diagram^[@ref47]^ showing numbers of unique and shared predicted SST proteins in *L. hesperus* major ampullate (purple), minor ampullate (yellow), and tubuliform (blue) silk glands. Ellipses areas and overlap areas are proportional to the number of unique and shared proteins in and between gland types.](pr-2015-003534_0006){#fig3}

The higher amount of overlap between the SST protein profiles from major and minor ampullate glands reflects their comparable gland morphologies and silk functions ([Figures [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}--[3](#fig3){ref-type="fig"} and Supporting Information [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_001.pdf)). These findings are also consistent with phylogenetic analyses of the spidroin family that showed a large clade of MaSps as most closely related to MiSps and that TuSp1 is more closely related to non-MiSp prey-swathing silk proteins (aciniform spidroin, AcSp1).^[@ref15]^ Thus, multiple sources of evidence (proteomic profiling of silk glands, morphology of silk glands, and evolutionary relationships of spidroins associated with particular silk glands) support the close evolutionary and functional relationship of major and minor ampullate spidroins as well as the similar morphologies of major and minor ampullate glands.

Major Ampullate, Minor Ampullate, and Tubuliform Silk Glands Contain a Variety of SST Proteins {#sec3.2}
----------------------------------------------------------------------------------------------

Nine previously characterized silk-related proteins were identified among the 39 SST proteins (9/39; 23%; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). As expected, MaSp1, MaSp2, and CRP1 were identified in major ampullate silk glands, MiSp, in minor ampullate silk glands, and TuSp1 and ECP1, in tubuliform silk glands. CRP1 was exclusively observed in major ampullate glands. MiSp was identified only from minor ampullate glands, and TuSp1 and ECP1 were found solely in tubuliform glands. In contrast, MaSp1 was identified from all three glands, and MaSp2 was found in both major and minor ampullate glands. Major ampullate silk transcripts and proteins have not previously been documented in minor ampullate silk glands. The expression of major ampullate spidroins in minor ampullate glands could be due to similarities in their genetic programs, mirroring their shape and functional similarities.

The discovery of MaSp1 proteins in tubuliform silk glands is consistent with previous studies that identified *MaSp1* transcripts from tubuliform silk gland cDNA libraries.^[@ref26]^ However, contrary to previous observations of *MaSp2* transcripts in tubuliform silk glands and *TuSp1* transcripts in major ampullate silk glands, we identified neither MaSp2 proteins in tubuliform silk glands nor TuSp1 proteins in major ampullate glands.^[@ref16],[@ref26]^ Little is known about regulation of spidroin expression and translation, and our results suggest complicated translational control of silk structural proteins.

Unexpectedly, we found two other known silk-related proteins, aciniform spidroin and an aggregate spider glue (AcSp1 and ASG2, respectively) in the major and minor ampullate glands ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). A previous investigation that used 3′ tag profiling of RNA transcripts from major ampullate glands did not report the presence of *AcSp1* or *ASG2* transcripts.^[@ref16]^ If *AcSp1* is a rare transcript, then the focus on highly differentially expressed 3′ tags in Lane et al.^[@ref16]^ may explain the discrepancy with our results. *L. hesperus AcSp1* is an exceptionally large molecule (\>19 kb) with a lengthy repetitive region flanked by relatively short amino (N)- and carboxyl (C)-terminal regions.^[@ref36],[@ref48]^ In our analysis, the protein identified as AcSp1 (Scaffold ID no. 471; [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) has peptide matches to the N-terminal and repetitive regions. Rare transcript expression would mean that there are few 3′ terminal regions available for tagging, whereas enzyme digested AcSp1 protein would result in many protein fragments detectable by peptide analysis. An alternative explanation is that the two individuals in the 3′ tag profiling study were not expressing *AcSp1* transcripts at the time of RNA extraction. This explanation suggests that ampullate glands may transiently express *AcSp1* and that accumulated AcSp1 protein could be detectable with proteomic approaches.

ASG2 is a putatively glycosylated protein secreted as part of sticky droplets involved in prey capture.^[@ref49]^ ASG2 transcripts and proteins have not previously been detected in major and minor ampullate glands. Our finding may be indicative of the specific uses of ampullate silks by black widows. In orb-web weaving spiders, major ampullate silk is used as dragline and as the web frame and radii, and minor ampullate silks are used as temporary spiral during web construction. In black widows, major ampullate silks are thought to be the core fiber of the "gumfooted" lines that stick to and entangle prey.^[@ref50],[@ref51]^ After ensnarement, minor ampullate silks are incorporated into a composite of different silk types for prey restraint.^[@ref23]^ Given the function of major and minor ampullate silks in *L. hesperus,* black widow ampullate-shaped silk glands may additionally synthesize prey capture glue proteins such as ASG2.

In the major ampullate gland, peptides identified the translation of an SST sequence that we refer to as MaSp′ to distinguish it from MaSp1 and MaSp2 ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}, Scaffold ID no. 726). The MaSp′ peptide matches are unique to an SST with a top UniProt hit to MaSp1 (Supporting Information [File S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)), but the sequence is distinct from either MaSp1 or MaSp2. The SST that encodes MaSp′ appears to be a newly discovered member of the spidroin gene family, and its translation into a protein indicates that MaSp′ is functional.

Other than known silk-related proteins, 11 SST translations with characterized UniProt protein matches were detected in the ampullate glands. Four were exclusive to the major ampullate gland, four were identified in the major ampullate and minor ampullate glands, one was found in the minor ampullate and tubuliform glands, and two were in all glands ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The four proteins exclusive to the major ampullate gland were three enzymes and a protein that have been described in vertebrates (abbreviation, SST to UniProt *e*-value): alpha-2 macroglobulin (A2M, 0), carboxylic ester hydrolase (CEH, 6 × 10^--107^), dimethylaniline monooxygenase (FMO3, 7 × 10^--147^), and putative triacylglycerol lipase (PTL, 3 × 10^--43^). Because they are exclusive to major ampullate silk glands, A2M, CEH, FMO3, and PTL are candidates for having specific roles in the synthesis of major ampullate silks.

Five UniProt annotated SST proteins beyond silk structural proteins were associated with two gland types ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). Major and minor ampullate glands shared four proteins: putative cuticle protein (Cuticle, 2 × 10^--20^), putative gamma glutamyltranspeptidase-1 (γ-GT-1, 4 × 10^--152^), histidine decarboxylase (HDC, 0), and mucin related protein 89F (Mur89F, 2 × 10^--11^). Minor ampullate and tubuliform silk glands contained one protein in common: scavenger receptor cysteine-rich protein (SRCR; 1 × 10^--100^). Cuticle proteins have previously been described in spider silk gland ducts,^[@ref100]^ but the other proteins are undescribed in spiders. On the basis of the glands in which they were found, these five proteins may be involved in either functions exclusive to ampullate glands (Cuticle, γ-GT-1, HDC, Mur89F) or functions that are more general to different silk gland types (SRCR).

Two non-silk-related SST proteins were found in all three silk gland types. These were an oxygen transport molecule and a carbohydrate binding protein: hemocyanin subunit D (Hemo_D, 0) and a putative lectin (Lectin, 6 × 10^--163^), respectively. Because of their detection in the three silk glands, these proteins may be common to other types of spider silk glands, such as aciniform, pyriform, and flagelliform.

Major Ampullate Fibers Have a Diverse Proteomic Profile {#sec3.3}
-------------------------------------------------------

Analysis of protein extractions from major ampullate glands and fibers resulted in 527 protein predictions (Scaffold samples report is Supporting Information [File S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). Of the 527 proteins, 86 were found in the fiber (Supporting Information [File S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). Twenty-nine of the 527 proteins had SST encoded protein matches, with 17 in the fiber (Supporting Information [File S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). Only nine of the 29 were unique to this major ampullate gland and fiber analysis; the remaining SST encoded proteins overlapped with those identified in the three-gland analysis of major ampullate, minor ampullate, and tubuliform silk glands. Some of the 29 SST predicted proteins were fragments of the same protein; thus, we identified a total of 25 unique putative proteins ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and Supporting Information [File S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). These fell into four groups: six matched silk structural proteins, nine were other characterized proteins, three were uncharacterized, and seven had no hits in the UniProt database ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and Supporting Information [File S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). CRP1 was identified and considered a silk structural protein ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}, Scaffold ID no. 165, and Supporting Information [File S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)).

![Chart of presence (brown) or absence (purple) of peptide-predicted proteins encoded by SSTs from *L. hesperus* major ampullate silk glands and fibers. Proteins are arranged alphabetically by name of best UniProt hits \<1 × 10^--5^ within groups: silk structural proteins, other characterized proteins, uncharacterized proteins, and proteins with no UniProt hits. \*, protein type has more than one predicted protein. Abbreviations: A2M, alpha-2 macroglobulin; Ac, aciniform; ASG, aggregate spider glue; CEH, carboxylic ester hydrolase; CRP, cysteine-rich protein; Cuticle, cuticle protein; FMO3, dimethylaniline monooxygenase; GT, glutamyltranspeptidase; HDC, histidine decarboxylase; Hemo_D, hemocyanin subunit D; Lectin, putative lectin; Ma, major ampullate; Mi, minor ampullate; Mur89F, mucin related 89F; PTL, pancreatic triacylglycerol lipase; Scaffold ID no., Scaffold predicted protein number; Sp, spidroin.](pr-2015-003534_0001){#fig4}

We predicted that major ampullate fiber SST matches would be a subset of the gland SST matches. Indeed, of the 25 unique predicted SST proteins, 12 were found in the fiber and the gland, nine were exclusive to the gland, and four were exclusive to the fiber ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} and Supporting Information [File S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). We did not expect to find any proteins exclusive to the fiber because the fiber is a product of the gland. One of the fiber-exclusive SST proteins matched an uncharacterized UniProt protein, and the remaining three had no hits in the UniProt database. These four fiber-exclusive SST encoded proteins may have been present in the gland, but they were difficult to detect because the gland has a greater variety of proteins than that in the fiber. In addition, the possibility of contamination of major ampullate fibers with products from other silk glands can never be entirely dismissed despite our use of microscopic observation while collecting fibers.

Consistent with our results from the three-gland analysis, we identified the expected MaSp1, MaSp2, and CRP1 in the major ampullate gland and we also found AcSp1, ASG2, and MaSp′. Three of these silk structural proteins were identified in the fiber: AcSp1, CRP1, and MaSp1. Incorporation of AcSp1 into draglines has not previously been documented. Discovery of AcSp1 protein in the fiber confirms the protein matches to AcSp1 in ampullate glands ([Figures [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"} and [4](#fig4){ref-type="fig"}). Similarly, the presence of CRP1 and MaSp1 is consistent with previous peptide studies of *L. hesperus* major ampullate glands and fibers. However, we also expected MaSp2 to be incorporated into the dragline.^[@ref15],[@ref16],[@ref18]−[@ref20],[@ref32]^ The nondetection of MaSp2 may be due to a greater proportion of MaSp1 in the fiber. The relative proportions of MaSp1 and MaSp2 varies in draglines, and previous evidence suggests a more than 2-fold greater abundance of MaSp1 compared to that of MaSp2 in *L. hesperus* major ampullate fibers (2.5:1 ratio of MaSp1 to MaSp2).^[@ref20]^ Alternatively, the lack of MaSp2 detected in the fiber could be due to poor solubility of this spidroin, hampering its inclusion in the protein digests.

We also identified several non-silk-related protein products. Of the nine SST proteins with UniProt matches that were not silk-related, four were identified in both glands and fibers and five were exclusive to the gland. The four in both glands and fibers were also previously identified in the three-gland analysis: CEH, cuticle, lectin, and Mur89F. The identification of these four proteins in major ampullate fibers suggests that they may be crucial to fiber assembly or function.

Conclusions {#sec4}
===========

We identified 48 SST encoded proteins in our three-gland analysis and nine additional SST encoded proteins in the major ampullate gland and fiber analysis (Supporting Information [Files S2 and S4](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)). Thus, we provide evidence for translation of 9% (57/647) of the SSTs from Clarke et al.^[@ref34]^ These included known silk-related, non-silk-related, and uncharacterized proteins. We show that silk structural genes that are not known to have dominant expression in a given gland type are translated and that some of these nondominant proteins are incorporated into draglines (e.g., AcSp1). Peptide analysis also demonstrates translation of putative enzymes, cuticle, and lectin proteins and 18 predicted proteins encoded by SSTs that had no UniProt hit.

These findings provide clues about the evolutionary history of spider silk types and suggest new ways that spiders may vary silk properties. We demonstrate similarity between proteomes of major and minor ampullate glands. This result is consistent with the differentiation of major and minor ampullate glands from a more generalized ampullate gland type. We also show that minor ampullate glands contain MaSp1 and MaSp2 and that AcSp1 is present in dragline silk fibers. Inclusion of MaSp1 and MaSp2 in minor ampullate silk fibers and inclusion of AcSp1 in draglines could modulate the tensile properties of silk fibers. Similarly, the expression of ASG2 glue proteins in *L. hesperus* ampullate glands may improve the utility of ampullate silks for prey capture by altering major and minor ampullate silk properties. Overall, our proteomic analysis combined with RNA-seq-derived transcript predictions provides greater insight into the evolution and synthesis of spider silks.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jproteome.5b00353](http://pubs.acs.org/doi/abs/10.1021/acs.jproteome.5b00353).Coomassie-stained gel images and dendrograms ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_001.pdf)).Scaffold sample reports with clusters from peptide analysis and SST encoded predicted proteins from *L. hesperus* for major ampullate, minor ampullate, and tubuliform glands and silk fibers ([XLSX](http://pubs.acs.org/doi/suppl/10.1021/acs.jproteome.5b00353/suppl_file/pr5b00353_si_002.xlsx)).The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium^[@ref52]^ via the PRIDE partner repository. The data set for the analysis of three silk gland types has the data set identifiers PXD002595 and 10.6019/PXD002595. The data set for the major ampullate gland and fiber analysis has the data set identifiers PXD002592 and 10.6019/PXD002592.
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